Abstract. The largest environmental changes in the recent geological history of the Earth are undoubtedly the successions of glacial and interglacial times. It has been clearly demonstrated that changes in the orbital parameters of our planet have a crucial role in these cycles. Nevertheless, several problems in classical astronomical theory of paleoclimate have indeed been identified: (1) The main cyclicity in the paleoclimatic record is close to 100,000 years, but there is no significant orbitally induced changes in the radiative forcing of the Earth in this frequency range (the "100-kyr problem"); (2) the most prominent glacial-interglacial transition occurs at a time of minimal orbital variations (the "stage 11 problem); and (3) at ---0.8 Ma a change from a 41-kyr dominant periodicity to a 100-kyr periodicity occurred without major changes in orbital forcing or in the Earth's configuration (the "late Pleistocene transition problem"). Additionally, the traditional view states that the climate system changes slowly and continuously together with the slow evolution of the large continental ice sheets, whereas recent high-resolution data from ice and marine sediment cores do not support such a gradual scenario. Most of the temperature rise at the last termination occurred over a few decades in the Northern Hemisphere, indicating a major and abrupt reorganization of the ocean-atmosphere system. Similarly, huge iceberg discharges during glacial times, known as Heinrich events, clearly demonstrate that ice sheet changes may also be sometimes quite abrupt. In light of these recent paleoclimatic data the Earth climate system appears much more unstable and seems to jump abruptly between different quasi steady states. Using the concept of thresholds, this new paradigm can be easily integrated into classical astronomical theory and compared with recent observational evidence. If the ice sheet changes are, by definition, the central phenomenon of glacialinterglacial cycles, other components of the climate system (atmospheric CO2 concentration, Southern Ocean productivity, or global deep-ocean circulation) may play an even more fundamental role in these climatic cycles.
INTRODUCTION
The first astronomical theory of paleoclimates is already more than 150 years old (a detailed account of the history of this scientific adventure is given by Imbrie and Imbrie [1979] ). The astronomical forcing is now well known, at least for the late Pleistocene. Recent advances in geochemistry helped to quantify the geological record, and it is now evident that climatic cycles have frequencies nearly identical to the Earth's orbital frequencies. However, the story is not finished, since we still do not understand how the climate system works and how small changes in the insolation at the top of the atmosphere can be amplified by the Earth system to create the large climatic changes associated with glacial-interglacial cycles. Traditionally, ice age models have concentrated on the behavior of the large Northern Hemisphere ice sheets, the Laurentide and the Fennoscandian. In light of recent paleoclimatic data this approach now appears insufficient. Indeed, ice age cycles involve a reorganization not only of the ice sheets but also of the ocean-atmosphere system, the deep ocean and its sedimentary interface, ocean chemistry, the carbon cycle, the terrestrial and marine ecosystems, and so forth. The whole Earth participates in the dynamics of ice ages in a complex fashion, and its components are tied together through a dense network of feedbacks. In particular, the atmospheric concentration of CO2 and the existence of climatic thresholds appear to have a fundamental role in the glacial-interglacial cycles. In the current context of anthropogenic global warming, the understanding of the dynamics of ice ages, the largest recent changes in the climate system, is becoming a key scientific issue.
In section 2 I will briefly mention some important historic milestones in the discovery of ice ages and then present, in more detail, the astronomical theory and some simple conceptual models. In section 2.4 I will discuss how new observational and conceptual advances may help define a new paradigm for glacial cycles that changes, not by temperature changes. With the study of foraminiferal assemblages in marine sediment cores, Imbrie and Kipp [1971] could confirm these results and provide quantitative estimates of the glacial-interglacial temperature changes. Dating methods based on the radioisotopes of uranium, thorium, and potassium were also developed at this time. When applied to fossil coral reefs [Broecker, 1966 ishes. In other words, when the Earth orbit is circular, there is no climatic effect associated with precessional changes. As can be seen in Figure 5 , seasonal insolation changes are of the order of 10-20%. They are antisymmetric with respect to seasons and hemispheres. The insolation excess (deficit) received in summer is compensated by the deficit (excess) in winter, and the insolation excess (deficit) received in the Northern Hemisphere is compensated by the deficit (excess) in the Southern Hemisphere. Definition of the precessional parameter is not universal, and e sin (-rr + &), which only changes the sign of the precessional parameter, is widely used [cf. Berger, 1978] .
A subtle detail in the astronomical forcing follows from Kepler's second law. The amount of energy received at a given latitude and between two given orbital positions measured from •/ (for example, between the summer solstice and the autumnal equinox) does not depend on the climatic precession &. However, the time necessary for the Earth to move between these two orbital positions (for example, the length of the summer season) does change with climatic precession. The insolation, defined as the amount of energy received per unit time, therefore changes with climatic precession, but only through the lengths of the seasons. In some sense, Adh•mar was right' It is indeed the changing speed of the Earth, and therefore the lengths of the seasons, that provides the main orbital forcing for glacial-interglacial cycles. In the present-day configuration, summer occurs near the aphelion, where the Earth moves slower and, for the same total amount of incoming solar energy, summer is longer and therefore cooler. According to Milankovitch's ideas, this situation favors the start of a glaciation.
The computation of the insolation time series is now easier with the help of computers, but a major intrinsic difficulty is the strongly nonlinear character of the celestial mechanical equations for the solar system. The solar system is, in fact, chaotic [Laskar, 1989] , and a precise computation of the eccentricity e is impossible beyond a few tens of millions of years. The situation for the obliquity oe and precession & is even worse, since their evolution depends on the exact shape of the Earth and its possible changes induced by glaciations or inner mantle convection [Laskar et al., 1993; Forte and Mitrovica, 1997 ]. The precise computation of the insolation series beyond a few million years is therefore uncertain [Laskar, 1999] . Still, the main frequencies in orbital forcing were present in the remote geological past, and it is possible to build timescales up to several tens of millions of years [Shackleton, 1999] .
Successes and Pitfalls of Astronomical Theory
Numerous records of past environmental changes obtained in the last 20 years largely confirm the link between insolation forcing and climate. A proxy for global ice volume, or sea level, is the isotopic composition of the oxygen in the carbonate from fossil foraminifera shells obtained from marine sediment cores. The spectral mapping and prediction (SPECMAP) record [Imbrie et al., 1984] (Figure 6 ) is often used as a stratigraphic reference for the global changes in marine g•80. When using marine cores in regions close to the fleezing point (so that glacial temperatures cannot be much colder than at present time), the global change in marine 8•SO can be estimated to be -1.0-1.1%o [Labeyrie et al., 1987] . This is confirmed by other methods [Schrag et al., 1996] . Since the oceanic mean depth is -4 km and the mean isotopic composition of the large ice sheets present at the glacial maximum was about -30 to -35%0 [Jouzel et al., 1994] , the calculated sea level drop was of the order 115-135 rn (4 km x 1.0%o/30%o). A more direct estimate of 120 rn is obtained by fossil coral terraces [Chappell and Shackleton, 1986] . This implies an ice sheet volume -45 x 10 6 km 3 larger than the volume of today. This ice was located mainly in the Northern Hemisphere, over Canada (the Laurentide ice sheet) and Scandinavia (the Fennoscandian ice sheet). Postglacial rebound in these regions, measured by historical sea level records and fossil shorelines or coral reefs terraces records [Fairbanks, 1989] , is used to estimate more precisely the evolution of the height and shape of these ice sheets [Peltlet, 1994] .
Spectral analysis of marine isotopic records ( Figure 6 ) clearly reveals the characteristic astronomical frequencies. (The timescale for these records has usually been tuned to the astronomical forcing. Nevertheless, the same frequencies appear, though with smaller amplitude, using only the Brunhes/Matuyama magnetic reversal, dated with K/Ar methods, as a stratigraphic point.) In Figure 7a , the SPECMAP record is filtered in the 23-kyr precessional band and compared with the precessional forcing. It is remarkable that both time series have a quite similar modulation of their amplitude. This is probably one of the strongest arguments in favor of a simple causal relationship between the precessional forcing and the climatic response in this frequency band. Indeed, in contrast to other techniques, amplitude modulation is not affected by tuning [Shackleton et al., 1995] . It is also remarkable that the relative amplitude of the 23-kyr and 19-kyr periodicities evolved during the last million years in a very similar fashion both in the forcing and in the paleoclimatic record. The climatic response in the 41-kyr frequency band is also almost linear, as illustrated in Figure 7b for the Ocean Drilling Program (ODP) 659 record [Tiedemann et al., 1994] . All these observations strongly argue for a simple connection between climate and the insolation forcing in the precession and obliquity bands limbtie et al., 1992].
The main glacial-interglacial periodicity is the 100-kyr cycle for which there is no direct connection with the eccentricity forcing [Imbrie et al., 1993] (Figure 6 ). In particular, this 100-kyr cyclicity is considerably smaller before -0. ship with the forcing for the 100-kyr periodicity. Furthermore, the major periodicity of eccentricity changes is 400 kyr (see Figure 3 ), but such cyclicity is absent, or very weak, in most paleoclimatic records. Some more complex nonlinear relationships have been suggested between climate and this 400-kyr periodicity (frequency modulation [Rial, 1999] the glacial-interglacial transition between isotopic stages 12 and 11 is documented as probably the largest transition, both in isotopic records (see Figure 6) Knowing that the present and future eccentricity is also very small (see Figure 3) , we see that all these peculiarities make stage 11 particularly interesting for the future of the Earth's climate [Howard, 1997; Droxler, 2000] . A symmetrical problem occurs for stage 7. Indeed, it is a period of maximum eccentricity and therefore a time of maximum seasonal forcing. However, instead of a well-marked interglacial, stage 7 looks more like a mild glacial episode. A particularly intriguing question concerns the apparent decoupling of the maximum precessional forcing (which occurs at stage 7.3), the maximum temperature (which happens in many locations at stage 7.5), and the minimum ice volume (which seems to occur at stage 7.1 (see Figure 8) Some have suggested that the "apparent" 100-kyr cyclicity looks similar to a red noise process [Kominz and Pisias, 1979] ], but the exact fashion by which the record is "tuned" to the astronomical forcing does not significantly change the results, within a "precessional phasing uncertainty" of a few thousands of years [Martinson et al., 1987] . In order to address the 100-kyr problem, several models with long internal time constants have been built. For example, the isostatic response of the bedrock under the weight of the ice sheets was used to explain the apparent asymmetry of the 100-kyr cycles, with a slow buildup of ice and a rapid deglaciation [Oerlermans, 1982] . Indeed, the summit of a large ice sheet will easily aThe timescale of each record was established assuming a constant sedimentation rate between termination I (fixed at 13.5 ka) and the Brunhes-Matuyama magnetic reversal (fixed at 772.2 ka). It is interesting to note that the standard deviation of the cycle lengths is larger for a given record than for a given cycle. In other words, for each record the mean duration is indeed -100 kyr, but with quite a large dispersion, whereas for a given cycle the mean duration is variable, but with a significantly smaller dispersion. A natural conclusion is that the cycle length indeed varies from -85 to -120 kyr. Abbreviations are DSDP, Deep Sea Drilling Project; ODP, Ocean Drilling Project. From Raymo [1997] .
culminate at ---3 km, with the bedrock below the ice lowered by ---1 km. Since Earth's mantle viscosity is quite large, there is a several thousand year delay between loading of the ice and reorganization of topography [Peltier, 1994] . The buildup of the ice sheet will thus be hampered by the still high altitudes of the growing ice sheet, while the melting will become easier because of the depressed altitude of a shrinking ice' sheet. Still, a time constant of 50-100 kyr is difficult, or almost impossible, to explain with such mechanisms. Another approach was to look at the rapid, millennial-scale, internal variability of the climate system as a potential source for longer timescale variability, by the nonlinear combination of frequencies [Ghil and Le Treut, 1981; Le Treut and Ghil, 1983] . This is certainly a promising approach, and millennial-scale variability, as outlined in section 3.1, probably has a crucial role in the problem of glacialinterglacial cycles.
The conceptual models described above illustrate some key mechanisms. More complex models have been used, with more realistic representations of the physics at work in the system, but also with larger sets of tunable parameters. Some energy balance models, coupled to simplified ice sheet models, have had some successes in reproducing the glacial-interglacial cycles [e.g., Pollard, 1983 In the early nineteenth century the Earth's history was understood as a succession of cataclysmic events, with the Great Flood from the Old Testament being but the last one. Agassiz's statement that the ice age "must have led to the destruction of all organic life at the Earth's surface" was certainly in full agreement with this dominant catastrophism. It is interesting to note how geological philosophy has since been changed to gradualism: Geological changes must be very slow and gradual. The above dramatic statement from Agassiz would now be taken as a serious drawback of the theory, as illustrated in the context of the current controversy on the "snowball Earth theory," which suggests the occurrence of a fully glaciated Earth just before the Cambrian life explosion [Hoffman et al., 1998 ]. The idea that glacial-interglacial cycles are a slow response of the climate system to slow insolation changes is therefore still widespread. Indeed, the original theory states that small insolation changes will induce slight changes in permanent snow and ice cover areas, which will induce further temperature changes because of the high albedo of ice. [Raymo, 1997; Paillard, 1998 ]. In other words, the smallest insolation maxima are favoring a major glaciation, which will then induce a rapid deglaciation, or termination, at the next insolation maximum, independent of the insolation magnitude. This is precisely the idea that I followed when building a conceptual threshold model for the glacial-interglacial cycles [Paillard, 1998 ].
Thresholds as an Integrating Concept
On the basis of the evidence of abrupt climatic changes and on the apparent "decoupling," at least for some episodes, of ice sheet and temperature variations, it is natural to elaborate a conceptual model able to switch abruptly between different climatic states, in relation to both astronomical forcing and ice sheet evolution. The Paillard [1998] requires that beyond a given value of the external forcing, the climate system behaves differently. This idea, though very crude in these conceptual models, appears to be crucial in the dynamics of glacial-interglacial cycles.
In addition to thresholds the Paillard model is also based on multiple equilibria and hysteresis phenomena.
In other words, once the threshold has been crossed, the forcing needs to change substantially, and therefore the derson, 1998 ]. Why should the deglaciation start in the Southern Hemisphere, in phase with Northern Hemisphere seasonal insolation changes? This is probably the wrong question to ask, though. As was illustrated previously in the threshold model, there is no conceptual difficulty to a general warm i regime before and during the melting of the ice sheets, a regime which might more properly be called "deglacial" instead of "interglacial." A central issue is to understand how global this warm period was. It is indeed extremely difficult to establish the leads and lags, i.e., the relative chronology of events, in remote parts of the Earth. However, we might speculate that the high albedo of the large Northern Hemisphere ice sheets will certainly keep high northern latitudes cold for an extended period of time. At the beginning, a global warming will be more evident far from these ice sheets. Then, when they start to melt substantially, the lower albedo will permit even higher temperatures.
The ice core results provide some important information in this respect. The Greenland and Antarctic records can be precisely correlated using the methane concentration measured in air bubbles preserved in the ice [Blurtlet et al., 1998 ]. The atmospheric methane concentration is a global parameter, and its variations are very rapid. In fact, these variations are strongly correlated with the temperature changes observed in Greenland (Figure 11) , with abrupt CH 4 increases lagging those of temperature by only 20-30 years [Severinghaus et al., 1998 ]. As a crude approximation, we may therefore use the methane concentration in the Antarctic ice cores as a proxy for the high northern latitude temperatures. We thus obtain, in the same core, the possibility of a direct interhemispheric comparison over four climatic cycles. The results for the last four terminations are plotted in Figure 15 . The Last Glacial Maximum in Greenland was about -20øC below present-day values [Cuffey et al., 1995] , while in Antarctica it was only about -10øC below present day. Accordingly, in Figure 15 , in order to compare the amplitude and phase of temperature changes at both poles, the methane record at Vostok has been scaled so that its amplitude is about twice that of the local temperature changes. We can easily notice that for each transition, both records have very similar warming trends, in both amplitude and phase, just before the abrupt methane transition. This clearly suggests that a general warming occurs simultaneously at both poles, up to a given threshold value, beyond which the Northern Hemisphere is abruptly additionally warmed and ice sheets rapidly melt.
Simultaneous warming does not easily fit into traditional Milankovitch theory. In fact, seasonal insolation changes usually invoked to explain glacial-interglacial cycles are antisymmetric with respect to hemispheres. This is clearly not seen in Figure 15 . We need to look at another forcing mechanism. A natural candidate is the mean annual insolation forcing. As is shown in Figure 4 , the mean annual insolation depends only on obliquity and varies with a 41-kyr periodicity. The ocean heat capacity is large, and ocean currents will transport heat on timescales of a few decades. Therefore the ocean can integrate the radiative forcing over several years. The summer insolation forcing may be crucial for the ice sheet mass balance, but if we want to understand only the mean temperature changes, it is much more natural to look first at the annual mean insolation forcing. What the temperature changes would be in the absence of ice sheet changes is not a purely academic problem. Indeed, during interglacials, it is possible to define periods of minimal and nearly constant ice volume and then to look at the temperature trends at different latitudes. This symmetric warming at both poles may induce a substantial global climatic effect. Indeed, the strong similarity between the Vostok temperature and CO2 records suggests that the Earth's atmospheric CO2 may be controlled in large part by the climate of the Southern Ocean . This idea has been used recently with some success in simplified geochemical box models of the carbon cycle [Toggweiler, 1999 The deglaciations happened with about a 41-kyr periodicity up to the late Pleistocene, and the above scenario, based on symmetric polar insolation forcing, may account rather well for this observation. However, for the last -0.9 Myr the main periodicity comes close to 100 kyr. As was illustrated by Paillard [1998] , this can be easily accounted for if we assume that climate system dynamics is based on thresholds and that these thresholds depend, for example, on the slow million-year-scale trend in CO2 induced by tectonic changes. As was already mentioned above, a crucial observation for understanding the timing of the ice age cycles is that a major termination always follows a full glacial stage. The recent work on sub-Milankovitch variability has demonstrated that during glacial times, the huge iceberg discharges known as Heinrich events in the North Atlantic had a significant effect on the ocean thermohaline circulation. The North Atlantic Deep Water formation is very sensitive to freshwater fluxes and can rather easily be switched off. Using temperature and salinity reconstructions for a particular Heinrich event, it was possible to show that the surface hydrology of the North Atlantic implies a nearly complete stop of this meridional ocean overturning [Paillard and Cortijo, 1999] . The Atlantic Ocean contributes significantly to the interhemispheric energy transport, which is currently in favor of the Northern Hemisphere. Such a switch in the Atlantic can eventually reverse this situation and induce a warming in the Southern Ocean, which corresponds quite well with the recent observations, as can be seen in Figure 11 [Blunier et al., 1998 ]. This mechanism has often been described as a bipolar seesaw [Broecker, 1998] These benthic isotopic signals also record (though to a smaller extent than planktic ones) significant local temperature and salinity effects and may have different amplitudes and phasing in different parts of the world. Understanding how these differences relate to deepocean temperature and salinity basin-scale changes would be of critical interest, both for stratigraphic purposes and for ocean dynamical purposes. A multiproxy approach, using g•80 pore water measurements [Schrag et al., 1996] , fossil coral reef data [Chappell and Shackleton, 1986] and other techniques [Rohling et al., 1998 ], is highly desirable for obtaining a detailed understanding of the local and global deep-ocean oxygen isotopic composition and its relationship to sea level and global ice volume. For example, a precise assessment of the size of continental ice during stage 7.5 would be quite interesting. Indeed, during the last cycle the interglacial episodes (stages 1 and 5.5) are characterized by warmer deep-ocean waters [Labeyrie et al., 1987] . This temperature signal adds up to the global isotopic seawater signal to produce very light values for the isotopic composition of benthic foraminifera. If stage 7.5 were similarly globally warm, the isotopic composition of benthic foraminifera would give an underestimation of global ice volume, which could then be larger than is suggested in Figure 6 . Some data from the Norwegian Sea suggest that ice volume during stage 7.5 was indeed unusually large for an interglacial [Vogelsang, 1990] . If confirmed, this would clearly validate the idea that general warmings are causing deglaciations, not the opposite. In other words, the answers to the classical problems of Milankovitch theory are probably not linked to the evolution of ice sheets but, as outlined here, are linked to the rest of the Earth's system: the ocean-atmosphere and probably the carbon cycle.
Model studies of the coupled ocean-atmosphere-icesheet and carbon cycle system will soon be feasible with Earth models of intermediate complexity (EMICs). The ocean-atmosphere is the "fast component" of the Earth's system, and building a reasonable ocean-atmosphere model to be used on 10 4-to 10S-year timescales is still a challenge, but recent progress in this field has been achieved [Ganopolski et al., 1998 ]. The coupling with ice sheet models has already been performed with such EMICs [e.g., Berger et al., 1999], and some promising new subgrid-scale parameterizations have been developed [Marshall and Clarke, 1999] . However, we still have no satisfying, widely accepted explanation for the lower atmospheric CO2 during glacial times. A better physical understanding and modeling of glacial-interglacial cycles is probably not possible before this problem is successfully addressed. Once this crucial step is achieved, it will be possible, hopefully in the near future, to apply standard data assimilation techniques to these Earth models and thus to find some optimal quantitative interpretation of the many different data available. A coherent picture of the dynamics at work during glacial-interglacial cycles will then emerge.
CONCLUSION
The classical Milankovitch theory needs to be revised to account both for the traditional peculiarities of the records, like the 100-kyr cyclicity and the stage 11 problem, and for the recent observational evidence of abrupt climatic changes, in association with the main terminations. Since the relevant dynamical timescales vary from 10 to l0 s years, the traditional concepts based on linear, or weakly nonlinear, systems (like resonance, spectral analysis, frequency modulation, and so forth) appear probably insufficient to fully capture the dynamics of the 100-kyr cycles. As the simplest strongly nonlinear sys-tem, the concept of climatic thresholds appears to be quite natural and fruitful in this context. Among the important clues to solve this mystery, the Vostok record, which now covers four climatic cycles, provides impor- ACKNOWLEDGMENTS. Thomas Torgersen is the Editor responsible for this paper. He thanks two anonymous technical reviewers and an anonymous cross-disciplinary reviewer.
